Abstract-Blood flow is a key factor in the efficacy of radiofrequency (RF) ablation treatment of solid tumors. We hypothesized that vasoactive drugs can modulate tumor blood flow and thereby improve the outcome of this thermal ablation approach. To verify this hypothesis, we measured the tumor perfusion changes in response to phenylephrine (PE) and hydralazine (HYZ) using a CT perfusion method in a rat subcutaneous tumor model. The coagulation sizes induced by RF ablation alone, RF ablation with PE and RF ablation with HYZ were compared. Results demonstrated that HYZ produced a marked decrease in entire tumor and tumor rim blood flow of 31.1 and 29.1%; while PE insignificantly change tumor blood flow (5.1% decrease in whole tumor and 6.0% decrease in tumor rim). A markedly greater coagulation area (0.59 cm 2 ± 0.24) was observed when HYZ was administered before RF ablation. No difference was noted in the coagulation area induced by RF ablation alone or the combination of PE injection followed by RF ablation (0.29 cm 2 ± 0.13 vs. 0.30 cm 2 ± 0.18). Results suggest that HYZ decreases subcutaneous tumor blood flow and enhances the coagulation size induced by RF ablation. PE has little influence on tumor blood flow and does not improve ablation.
INTRODUCTION
Image guided percutaneous radiofrequency (RF) ablation has become a widely accepted minimally invasive treatment for solid tumors since its introduction in 1995. 37 This technique provides efficacious, cost-effective management of localized cancer sites. 13 Although many technical innovations, such as perfusion electrode, 15 internally-cooled 10 or multi-tined expandable electrodes, 19 have been utilized to increase the volume of ablation, incomplete tumor coagulation and recurrence still occur as a result of large tumor size, irregular contours and elevated blood flow. Solbiati et al. 42 reported that the recurrence rate of liver metastasis after RF ablation correlated with tumor size, with a recurrence rate of 16.5% for lesions <3 cm and 56.1% for lesions >3 cm in a 6-52 months followup period. Hori et al. 24 reported that in 104 patients after RF ablation the 3 year recurrence rate was 14.8% for tumors <2.5 cm and >50% for tumors >2.5 cm. Further research is needed to enhance the ablation size and decrease the recurrence rate.
One strategy for increasing RF ablation efficacy is decreasing tumor blood flow to reduce the ''heat sink'' effect. Mechanical methods such as intravascular embolization 45 and surgical or intravascular occlusion 46 of tumor or organ supply vessels have been used to decrease tumor blood flow prior to ablation. However, these methods are invasive, interrupt the blood flow of both tumor and surrounding normal organ tissue, and have the potential to increase morbidity. In contrast, systemic administration of vasoactive drugs is less invasive and more convenient to perform. Several groups explored the correlation between the change of organ blood flow induced by vasoactive drugs, such as vasopressin, 17 epinephrine, 26 arsenic trioxide, 23 and the size of coagulation induced by RF ablation. The results suggest that decreasing organ blood flow enhances the effect of RF ablation and increasing organ blood flow decreases the effect of RF ablation. While somewhat successful, these efforts to modulate the blood flow had a systemic effect and were non-specific to the tumorbearing organ, or affected the cardiac output. A more tumor-specific strategy would be of significant benefit.
Previous research has shown that tumor vessels are immature, lack normal smooth muscle 32 and pericyte structure, 32, 41 or keep maximal vasodilation due to low pH produced by hypermetabolism, 31 and thus do not react to vasoactive drugs. The response of normal vessels to vasoactive drugs therefore has an indirect effect on tumor blood flow. That is, vasoconstrictors produce constriction of normal vessels, which ''pushes'' blood into the tumor and increases tumor blood flow. In contrast, vasodilators dilate normal vessels and divert blood flow from the tumor vessel bed. This difference in the reactive response between tumor and normal vessels should provide a more tumor-specific blood flow modulation strategy to enhance tumor RF ablation treatment.
In this study, we sought to determine whether the intravenous injection of a vasoconstrictor-phenylephrine or a vasodilator-hydralazine could be used to modulate blood flow in a subcutaneous rat tumor model. We also attempted to determine which agent could best enhance the size of tumor RF ablation. CT perfusion was used to quantify changes of blood flow in tumor and normal tissue.
MATERIALS AND METHODS

Drugs
(R)-(-)-phenylephrine hydrochloride (PE) was purchased from Sigma-Aldrich, Inc. (St. Louis, MO), and diluted to 0.001% in distilled water. Hydralazine hydrochloride (HYZ) powder was purchased from MP Bio-medicals, Inc. (Solon, OH), and dissolved with distilled water to a concentration of 0.5%. The drug solution was filtered with a 0.22-lm filter (MIL-LEX Ò GP, Carrigtwohill, Co. Cork, Ireland) before injection.
Animals and Tumor Model
A well-established rat tumor model, DHD/K12/ TRb adenocarcinoma in the subcutaneous tissue of BDIX rats, was used in this study. The animal experimental protocols were approved by the Institutional Animal Care and Use Committee at our institution. For all experiments, procedures were carried out under general gas anesthesia, which has 1% isoflurane with an O 2 flow rate of 1 L/min (EZ150 Isoflurane Vaporizer, EZ Anesthesia TM ). The DHD/K12/TRb rat colorectal carcinoma cell line, originating from a 1,2-dimethylhydrazine-induced colon adenocarcinoma in BDIX rats, was kindly donated by the laboratory of Dr. W.G. Pitt, Brigham Young University (original source was the European Collection of Cell Cultures), and stored in liquid nitrogen. The cells were cultured in RPMI-1640 with 10% fetal bovine serum and passaged weekly. Six-week-old male BDIX rats (body weight 150-180 g, purchased from Charles River Laboratories Inc., Wilmington, MA) were used for inoculation. Tumors were inoculated subcutaneously with a bilateral injection of 0.05 mL DHD/K12/TRb cell suspension (2 9 10 6 cells/mL) on the upper back using a 26-gauge hypodermic needle. Tumor size was measured weekly using calipers. Tumors were grown for 5-6 weeks. The maximum longitudinal diameter (a) and the maximum transverse diameter (b, perpendicular to maximum axis) were measured with calipers before treatment. Tumor volume (V) was calculated with the following formula: V = 0.5 9 ab 2 .
Overall Experimental Design
The study included two experiments. Experiment 1 was performed to explore the effects of vasoactive drugs on tumor blood flow. Twenty-four rats with 48 tumors were used in this experiment. The blood flow of tumors in response to PE (10 lg/kg, 24 tumors) or HYZ (5 mg/kg, 24 tumors) was evaluated by functional CT. In experiment 2, the influence of PE or HYZ on tumor coagulation size induced by RF ablation was explored. An additional 17 rats were used in this experiment. Seventeen tumors (1 per rat) with tumor size 1.0-1.4 cm were randomly divided into 3 groups: control (n = 6), PE (n = 6) and HYZ (n = 5) groups. In the control group, tumors were treated with RF ablation alone (80°C ± 2, 2 min). Tumors in the PE or HYZ groups were treated with i.v. PE or HYZ followed by RF ablation (80°C ± 2, 2 min) 1 or 5 min after PE (10 lg/kg) or HYZ (5 mg/kg) administration, respectively. The determination of delay times for PE and HYZ was based on the effect-time curves reported in previous studies. 34, 43 Coagulation sizes were measured 24 h after treatment.
Radiofrequency Ablation
A 500 kHz RF generator (Radionics, Cool-tip RF system, Radionics Inc., Burlington, MA) and a custom-designed 21-gauge monopolar electrode needle were used for RF ablation. The hair on the back surrounding the tumor and abdomen was shaved before treatment. A standard grounding pad was placed on the rat's abdomen with ultrasound gel to ensure proper contact. The tumor area was sterilized with betadine. A small incision was made with a scalpel on the skin surrounding the tumor to avoid burning, and the electrode was inserted into the tumor center. During ablation, the temperature was manually adjusted to 80°C ± 2 for 2 min. The power was approximately 2-3 W. After ablation, the incision was closed with sutures.
CT Perfusion
CT perfusion was performed with a multi-slice CT scanner (SOMATOM Sensation Open, Siemens Medical System, Erlangen, Germany). The rat was laid prone on the CT table and the rat position was adjusted so that the centers of both tumors were parallel to the scan plane. An initial planar scan was carried out to determine the optimal position for the perfusion scan. Then, the perfusion scan was performed with a 0.5 mL bolus of contrast (Optiray Ò 240, Tyco Healthcare, Mallinckrodt Inc., St. Louis, MO) administrated through a 24-g catheter (EXELint Ò Safelet Cath, Exelint Inc., Los Angeles, CA) in the tail vein. The perfusion protocol, which imaged 12 consecutive slices every 0.5 s for 40 s, was executed using the following parameters: axial scan, 80 kV; 150 mAs; rotation time, 0.5 s; detector width, 1.2 mm; reconstruction width, 2.4 mm; field of view, 60 mm; matrix, 512 9 512. Thus, each perfusion scan obtained 960 images. One minute after PE (10 lg/kg) or 5 min after HYZ (5 mg/kg) i.v. administration (time delays differed because of drug activity), the perfusion scan was repeated as above. The interval time between baseline and post-drug perfusion scan was 10 min to allow for contrast agent clearance. The animal was void of movement to ensure the consistence of the scan positions during the pre and post perfusion scan.
Image Analysis
Image analysis was performed by one observer (H.W.) who has 5 years of experience in CT diagnosis and 3 years of experience in CT image post processing. All pre and post perfusion studies were analyzed on the Wizard workstation using commercial compartmental analysis-based perfusion software (Body Perfusion CT, Siemens Medical Solutions) and the tumor perfusion algorithm. Tumor specific parameters, blood flow (measured in mL/100 mL/min, based on the maximum slope method), permeability (measured in mL/100 mL/ min, based on Patlak analysis) and relative blood volume (measured in mL/100 mL, based on Patlak analysis) were used. A single 2.4-mm slice that best depicted both of the bilateral tumors was chosen from the 12 perfusion slices. The analyzed slices of pre and post perfusion of each animal were consistent.
CT images of the chosen slice were loaded into the software. The image stack was examined and images with severe motion artifacts were removed before perfusion calculation. A rectangular reference region of interest (ROI) which contained the tumors was drawn, and 2D and 3D motion correction were performed automatically. The arterial input curve of contrast medium concentration was obtained from an ROI (50-70 pixels) in the descending aorta or common carotid artery. A processing threshold of -20 to 200 Hu was selected. The time-attenuation curves (TDC) of artery and mean tissue were generated by the software and showed in an arterial input function & optimization dialog box. The times of arterial shift and Patlak start for Patlak model, and the start time, rise time, peak time for maximum slope model were adjusted whenever necessary based on the TDCs of artery and mean tissue. A grayscale maximum intensity projection (MIP) image and 3 pseudocolor perfusion maps (blood flow, permeability and relative blood volume) were generated corresponding to each voxel.
Three ROIs, entire tumor, tumor rim and normal surrounding muscle, were then drawn freehand on the MIP image to measure perfusion parameters (Fig. 1) . The tumor rim was defined as a contrast enhancing peripheral zone. Care was taken to exclude the surrounding vessels and fat when drawing the tumor boundary. The mean values for the three tumor perfusion parameters of each ROI for each tumor were then noted by the observer. The perfusion analysis of each animal was reanalyzed 3 weeks later to assess intra-observer agreement and minimize recall bias.
TTC Stain and Measurement
The treated rats were euthanized with carbon dioxide inhalation 24 h after treatment. Tumor tissue slices about 2 mm in thickness were cut perpendicular to the ablation needle track and stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC, Fisher Scientific, Fairlawn, NJ) for 30 min at room temperature to assess mitochondrial enzyme activity. 16 Viable tissue with intact mitochondrial activity is stained pink, while ablated tumor tissue with irreversible cellular damage is white. The stained tissue slice was photographed with a digital camera (Nikon Coolpix 5400, Japan). The area of the coagulation region was measured using ImageJ 1.36b software (National Institutes of Health, available at http://rsb.info.nih.gov/ij/download.html). The coagulation region was manually segmented and measured by 2 independent, blinded observers (H.W. and A.A.E.).
Data and Statistical Analysis
Unless otherwise noted, all data, including the perfusion parameters, tumor size, and coagulation size, are presented as mean ± standard deviation (SD). Intraobserver agreement was assessed using two separate analyses. First, correlation coefficients were calculated for each of the three perfusion parameters (blood flow, permeability, and relative blood volume). Second, the mean differences, SD, and 95% limits of agreement for each of the three perfusion parameters were calculated using the Bland-Altman analysis.
3,14 A paired t-test was used to compare the perfusion parameters before and after vasoactive drugs injection. The tumor size (maximum diameter and volume) and coagulation area were evaluated by one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test using Minitab 15.1. A p value of less than 0.05 was considered statistically significant. 
RESULTS
Intraobserver Agreement of CT Perfusion Analysis
Effects of Vasoactive Drugs on Tumor Perfusion
Figures 3a and 3b show the percentage change of tumor rim blood flow in each tumor induced by PE and HYZ. A wide variability in the effect of PE on tumor blood flow (-49.3 to 77.5%) was noted. Among 24 tumors, 13 showed a blood flow decrease and 11 showed a blood flow increase in response to PE. The tumor blood flow changed more consistently (-70.7 to 2.4%) in response to HYZ. It decreased in 21 of 24 tumors, and slightly increased in 3 tumors. Figures 4a  and 4b show the mean blood flow changes induced by PE and HYZ. HYZ significantly decreased entire tumor blood flow from 27.3 mL/100 mL/min ± 9.1 to 18.8 mL/100 mL/min ± 7.7 (p < 0.001) and tumor rim blood flow from 38.1 mL/100 mL/min ± 9.1 to 27.0 mL/100 mL/min ± 9.7 (p < 0.001), corresponding to a decrease of 31.1 and 29.1% respectively. PE produced a 5.1% decrease in entire tumor blood flow (33.5 mL/100 mL/min ± 14.0 vs. 31.8 mL/100 mL/ min ± 12.3, p = 0.30) and a 6.0% decrease in tumor rim blood flow (40.0 mL/100 mL/min ± 14.9 vs. 37.6 mL/100 mL/min ± 13.8, p = 0.22). PE induced a 22.1% decrease and HYZ induced a 14.5% increase in normal muscle blood flow, but the differences were not statistically significant. Figures 4c and 4d show the permeability changes induced by PE and HYZ. PE significantly decreased entire tumor permeability from 17.0 mL/100 mL/ min ± 4.3 to 15.4 mL/100 mL/min ± 4.5 (p < 0.001) and tumor rim permeability from 18.8 mL/100 mL/ min ± 4.3 to 17.7 mL/100 mL/min ± 4.5 (p < 0.001), increased normal muscle permeability from 7.8 mL/ 100 mL/min ± 2.1 to 8.9 mL/100 mL/min ± 2.2 (p = 0.045). HYZ increased the permeability in entire tumor, tumor rim and normal muscle. However, the changes were not statistically significant. No significant correlation was noted between the change rates of blood flow in 3 ROIs of each tumor and those of permeability (data not shown).
No significant changes of blood volume (including entire tumor, tumor rim and normal muscle) were induced by PE or HYZ (values not shown). Figures 5  and 6 show representative perfusion images of rats with 2 shoulder subcutaneous tumors before and after PE (Fig. 5) or HYZ (Fig. 6 ) injection. Tumor rim shows a higher perfusion than tumor center where the perfusion is near zero. PE decreased tumor blood flow and permeability slightly, while HYZ decreased tumor blood flow and increased tumor permeability. Table 2 reports the pre-treatment tumor size and coagulation area in control, PE and HYZ groups. No significant difference was noted in either maximum tumor diameter or tumor volume among three groups before treatment. RF ablation alone produced 0.29 cm 2 ± 0.13 in area of coagulation. Injection of PE before RF ablation resulted in similar size of coagulation (0.30 cm 2 ± 0.18 in area). Greater coagulation was obtained by using the combination of HYZ injection followed by RF ablation (0.59 cm 2 ± 0.24 in area). ANOVA analysis demonstrated a significant difference in the coagulation area among the three groups (p = 0.028). A subsequent Dunnett's multiple comparison test demonstrated that the coagulation area in the HYZ group was significantly greater than that in the control and PE group. No difference in coagulation area between control and PE groups was noted. Figure 7 shows a representative gross tumor specimen stained with TTC after treatment with a combination of HYZ injection and RF ablation.
Effects of Vasoactive Drugs on RF Ablation Size
DISCUSSION
Many techniques have been used for studying the modulation of tumor blood flow to enhance the effects of chemotherapy, radiotherapy and thermotherapy in the last four decades. These techniques include the radioactive microsphere technique, 27 isotope (e.g. 85 Kr, 133 Xe) clearance, 11, 31 uptake of radioactive tracer, 39 and the thermal clearance method. 4 The invasive nature of these tests prevents them from being used clinically on a regular basis. In contrast, CT perfusion enables noninvasive quantification of tissue perfusion parameters such as blood flow and permeability. These measurements have previously been shown to correlate well with gold standard measurements of the same parameters. 36 In addition, this technique has been shown to be superior to conventional imaging in early detection and differentiation of ischemic lesions and occult tumors because it enables the quantification of slight changes in tissue perfusion. 8, 12 Because it is noninvasive, fast and convenient to perform, CT perfusion has become an important method to explore tumor vascularity, monitor tumor response to antiangiogenic therapies 35 and other treatments. 28 CT perfusion measurements are intrinsically variable because of a combination of internal and external factors. The accuracy and reproducibility of functional CT perfusion measurements have been assessed by various investigators. 14, 21, 40 A high degree of interobserver agreement was reported by these authors (r 2 = 0.81-0.94). Our study assessed the intra-observer agreement, from which a high correlation was noted between dual measurements of each parameter in every ROI (r 2 = 0.66-0.82). The intra-observer agreements of permeability and blood volume were greater than those of blood flow. This may be attributed to the method of perfusion parameter calculation. In this study, blood flow was calculated with the maximum slope method, using only limited CT data in initial enhancement phase. Arbitrary deletion of motion images may influence the measurement of blood flow. On the contrary, permeability and blood volume were calculated with the Patlak method, which used more CT data in a relatively long washout phase. Deleted motion images may thus have less influence on the result. We also noted that the agreements of the perfusion parameters in entire tumor and tumor rim were greater than that in muscle. This might be attributed to the fact that perfusion in normal muscle is much lower than that in tumor, with more noise present in the muscle.
The use of vasoactive drugs to modulate tumor blood flow to enhance efficacy of various treatments has been attempted by many investigators. Among these agents, the vasodilator, HYZ, is one of the most widely studied. HYZ was one of the first available oral antihypertensive drugs and is currently primarily utilized to treat pregnancy-associated hypertension. 2 Although the exact mechanism of action of this drug is not fully understood, it may lower blood pressure by exerting a peripheral vasodilating effect through a direct relaxation of vascular smooth muscle. In early publications HYZ has been shown to reduce blood flow in many tumor models in both rodents and dogs. 7, 44 The effects are dose-dependent and can last for several hours. Recently, Nielsen et al. 33 confirmed reduction of blood flow in mammary tumors noninvasively using single voxel 1 H localized spectroscopy. In the current study, we found that HYZ consistently decreased entire tumor blood flow about 31.1% and increased normal muscle blood flow about 14.5%. This is in agreement with previous reports. The counter-intuitive response of tumor and normal tissue to HYZ, which was in line with our hypothesis, can be explained by the dilation of normal blood vessels causing them to ''steal'' the blood flow from the tumor vessels due to their unresponsiveness upon exposure to the vasodilator.
Alpha adrenergic agonists, such as noradrenaline, 20, 31 isoprenaline, 31 PE, 6 have been used as vasoconstrictors to modulate tumor blood flow since 1960s. PE is a powerful postsynaptic alpha-1 receptor stimulant with little effect on the beta receptors of the heart. It produces vasoconstriction that lasts longer than that of epinephrine and ephedrine and can be administrated orally. The changes in tumor blood flow induced by these agents appear to be disparate and are affected by many factors such as the tumor model, organ, administration route etc. Mattson et al. 30 reported that intravenous infusion of noradrenaline significantly reduced the blood flow in transplanted muscle tumor and normal muscle. Chan et al. 6 reported that PE decreased the blood flow in ''hard tumors'', where the vessels had a certain amount of vascular smooth muscle, but had no effect on ''soft tumor'', where the vessels lacked smooth muscle. Ackerman et al. 1 reported that in a liver tumor model, capillary blood flow increased briefly but significantly with intraportal administration of epinephrine, norepinephrine and PE. In contrast, a reduction or no change in tumor blood flow induced by epinephrine, norepinephrine and ethylphenylephrine or PE, was noted by Li et al. 29 also in a liver model. The disparity of the effect of adrenergic agonists on tumor blood flow was interpreted as heterogeneity of tumor vessel maturation 9 and the reaction of recruited, pre-existing normal vasculature with well-defined intimal, medial and adventitial structures. 25, 38 In the current study, a nonsignificant 5.1% decrease in tumor blood flow and a non-significant change (-22.1%) in blood flow to normal muscle was observed. This did not support our hypothesis, which expected an increase in tumor blood flow and decrease in normal muscle blood flow. We speculate that heterogeneity of tumor vessel maturation in this tumor model may be responsible for the variable results, further supporting the notion that tumor blood vessels react multivariably to a-adrenergic agonists.
A significant decrease or non-significant increase of permeability in tumor and normal muscle induced by PE or HYZ was also detected in this study. The study of the effect of vasoactive drugs on the permeability of tumor or normal tissue has not been widespread. One study reported that PE decreased the permeability in burned skin. 5 This effect was thought to be secondary to the vasoconstrictive effect of PE. If this mechanism is valid, there should be a positive correlation between the percent change of blood flow and permeability. Our data did not support this hypothesis. Further study is needed to verify the PE effect on vascular permeability.
Our results imply that there is a strong relationship between tumor blood flow and the coagulation size induced by RF ablation. For example, PE changed tumor blood flow slightly and thus had no effect on RF ablation. In contrast, HYZ decreased tumor blood flow over 30% and correspondingly increased the coagulation size. The same relationship was reported by other investigators using other drugs, such as arsenic trioxide, 23, 26 halothane, 17 or other techniques, such as tumor feeding artery occlusion 18 and embolization 45 to decrease the tumor blood flow. The results of this study suggest that a vasodilator is an appropriate agent to enhance tumor RF ablation efficacy. However, it is important to consider that different organs respond differently to certain vasodilators. For example, Hasegawa et al. 22 reported that in a rat tumor model an intra-arterial injection of HYZ significantly reduced the blood flow in most normal abdominal organs, whereas it markedly increased the blood flow in muscle. No change in blood flow in the liver tumor was noted, but marked decreases in blood flow of other abdominal tumors and subcutaneous tumors were noted after HYZ injection. This indicates that the decrease in blood flow in tumors and most normal tissues was caused mainly by diversion of blood to muscle. However, HYZ could markedly decrease the systemic blood pressure, which may limit its clinical application. In a final application, an organ or tissue specific vasomodulator would be an ideal agent for this approach.
Our study has several limitations. First, only one vasoconstrictor, PE, was tested. Because the results were contrary to the proposed hypothesis, additional agents should be examined. Second, although the results demonstrated that HYZ could enhance RF ablation, optimal efficacy may not have been achieved, since only a single dose of the agent was studied. A dose-response study could be beneficial for finding an optimal dose, one that would induce significant blood flow changes with minor effects on systemic blood . Gross tumor specimen stained with triphenyltetrazolium chloride (TTC) after treatment with a combination of HYZ i.v. injection followed by RF ablation. The section was cut in the transverse plane perpendicular to the electrode track. The pink peripheral region represents residual viable tumor, whereas the white region represents the zone of ablation-induced coagulation.
pressure. Third, while this study has verified our hypothesis that a vasodilator can divert the blood from tumor to surrounding normal tissue, it is only the initial step of a broader project that includes proper agent selection, optimization of the treatment protocol and examination of the effects in a clinically pertinent model. Ongoing experiments are examining the vasomodulation approach in kidney and liver tumor models, which may be superior to the subcutaneous model used in the current study.
In conclusion, functional CT is a useful tool to monitor and explore blood flow changes induced by vasoactive drugs and was used in the current study to find a practical vasoactive agent to enhance RF ablation damage in a tumor model. Our results suggest that HYZ can decrease tumor blood flow and enhance the coagulation size induced by RF ablation. The proposed vasomodulation technique may be a simple, cost effective and noninvasive approach to enhance RF efficacy. Although the agents and protocols utilized in this study are clinically relevant, more validation experiments in animal models with hepatic or renal tumors are needed before this approach can be translated to clinical use.
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